Abstract. The present study aimed to investigate the effect of 4-methylcyclopentadecanone (4-MCPC) on local cerebral ischemia-reperfusion and the possible mechanisms involved. For this purpose, the focal cerebral ischemia rat model was induced by middle cerebral artery occlusion (MCAO) for 2 h, and the rats were treated with 4-MCPC (4 or 8 mg·kg −1 , p.o.) just 0.5 h before reperfusion. The neurological deficit scores and the ischemic infarct volume were recorded 24 h after the MCAO. In addition, the number of apoptotic cells was measured by TUNEL assay, and the expression of apoptosis-regulatory proteins and the PI3K/Akt neuroprotective signaling pathway were investigated by western blotting. Our results indicated that 4-MCPC (4 or 8 mg·kg −1 ) remarkably alleviated cerebral I/R injury by decreasing infarct volume and neurological deficit scores. 4-MCPC also decreased the number of apoptotic cells, regulated the expression of Bcl-2 and Bax, and increased the ratio of Bcl-2/Bax. Further study revealed that 4-MCPC treatment also increased the level of p-Akt and p-GSK-3b. Wortmannin (PI3K inhibitor) markedly abolished the effects of 4-MCPC. Taken together, our results suggest that 4-MCPC protects against cerebral I/R injury through the inhibition of apoptosis, and this neuroprotective effect may be partly related to the activation of the PI3K/Akt signal pathway.
Introduction
Stroke is the third most common cause of death in industrialized countries (1) , and it is considered the most common disability in adults (2) . It is estimated that 60% -70% of all stroke victims suffer an ischemic stroke (3) . Ischemic stroke primarily involves occlusion of blood vessels in the brain, and rapid reperfusion of occluded cerebral blood vessels is the most effective treatment for ischemic stroke. However, restoration of cerebral blood flow can cause further damage to brain, such as brain hemorrhage, cerebral edema, and neuronal death (4) . This phenomenon is called cerebral ischemia/ reperfusion (I/R) injury (5) .
The pathogenesis of I/R injury includes excitotoxicity, calcium overload, oxidative stress, inflammation, lipid peroxidation, apoptosis, etc. (6, 7) . Apoptosis is one of the major causes of cell death after cerebral ischemia (8) . The phosphatidylinositol-3 kinase/Akt (PI3K/Akt) pathway is involved in apoptotic signal transduction, and it plays a vital role in the neuroprotective effect of ischemic post-conditioning (9) . Akt is activated by phosphorylated PI3K, and it can phosphorylate glycogen synthase kinase-3beta (GSK-3b), which modulates key steps in the major apoptotic signaling pathways (10, 11) . The Bcl-2 family of proteins is downstream of the PI3K/Akt signaling pathway. The balance between the two main classes of Bcl-2 family proteins, such as Bcl-2 (antiapoptotic) and Bax (proapoptotic), critically regulate apoptosis (12) . It has been suggested that apoptotic cell death in response to I/R injury can be regulated by the balance of Bcl-2 and Bax.
Musk has been widely used in China for thousands of years as a refreshing agent that promotes blood flow and detumescence. Muscone was believed to be the main active ingredient of musk, and its molecular formula was recognized as 3-methylcyclopentadecanone (13) . Modern research in animals has shown that muscone has protective effects on ischemia/reperfusion injury in cardiac myocytes (14) and provides neuroprotective effects against cerebral anoxia and ischemia (15) . 4-Methylcyclopentadecanone (4-MCPC) is a by-product of the synthesis process of muscone that was discarded in the past. Experimental studies have shown that 4-MCPC has similar effects on antiinflammation, antidementia, and antioxidation as muscone (16, 17) , and it was used to treat ischemic cerebrovascular disease in a patent in China. However, the neuroprotective effects and the associated mechanisms of 4-MCPC have not been explored in an I/R injury model. This is the first report of the effects of 4-MCPC on local cerebral I/R injury in rats.
Materials and Methods

Animals
Male Sprague-Dawley rats, weighing 250 -280 g, were purchased from Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). The rats were housed in a room with a 12 h light/dark cycle (temperature of 23°C -25°C and humidity of 50% -60%). The rats were provided access to standard laboratory rodent chow and water ad libitum. The rats were acclimated to the animal facility for at least one week before being used in experiments. All animal related procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of Shandong Pharmaceutical Academy.
Rats were randomly divided into 5 groups: sham group, I/R group; 4-MCPC (8 mg•kg 
Materials
4-MCPC was provided by Shandong Hongjitang Pharmaceutical Group Co., Ltd. (Jinan, China). All the tested articles were suspended in 1% sodium carboxymethylcellulose (CMC-Na) suspension in distilled water at the required concentrations, respectively. Wortmannin was dissolved in 1% dimethyl sulfoxide (DMSO) in normal saline (NS) at the concentration of 100 nM. Antibodies against Akt, p-Akt (Ser473), GSK-3b, and p-GSK-3b (Ser9) were obtained from Cell Signaling Technology (Beverly, MA, USA). Antibodies to Bcl-2, Bax, GAPDH, anti-mouse-horseradish peroxide (HRP)-IgG, and anti-rabbit-HRP-IgG were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Wortmannin (PI3K inhibitor) was purchased from Gene Operation (Ann Arbor, Michigan, USA). TUNEL detection kit was purchased from Nanjing Keygen Technology Development Co., Ltd. (Nanjing, China).
Focal cerebral ischemia model
Focal cerebral ischemia was induced by the middle cerebral artery occlusion (MCAO) procedure, as previously described (18) . Briefly, animals were anesthetized by intraperitoneal injection of 2% chloral hydrate (350 mg•kg −1 ), and body temperature was maintained at 37°C ± 0.5°C with infrared heat and a heating pad during the period of anesthesia. After the skin was incised, the right common carotid artery (CCA), external carotid artery (ECA), and internal carotid artery (ICA) were carefully stripped. A 4-0 nylon monofilament (Ethicon, Inc., Osaka) was inserted through the incision into the lumen of the right ICA to occlude the right middle cerebral artery. 4-MCPC was administered by gastric perfusion just 0.5 h before reperfusion and the rats of sham and I/R group were given 1% CMC-Na. Wortmannin (10 mL) was injected into the lateral ventricle (0.5 mm from posterior, 1.4 mm lateral to the bregma, and 3.1 mm from the duramater) using a stereotaxic instrument and injector (Stoelting Co., Wood Dale, IL, USA). Except for the group of 4-MCPC plus wortmannin, other groups were administrated with 1% DMSO. After 2 h of occlusion, the suture was withdrawn carefully from the ICA and reperfusion was accomplished. Then, the neck incision was closed and the rats were allowed to wake up.
Neurological deficit scoring evaluation
Twenty-four hours after the MCAO, neurological deficits were evaluated according to Longa's method (19) . The scoring system was based on a 5-point scale: 0, no neurological deficit; 1, failure to stretch the left forepaw fully; 2, rotating to the right; 3, leaning to the left when walking; 4, no spontaneous activities or death. The rats were scored between 0 or 4 points after the MCAO was removed.
Detection of ischemic infarct volume
After evaluation of neurological deficit, the rats were anesthetized and sacrificed. The brains were removed quickly and kept at −20°C for 10 min. Frozen brains were sliced into 2-mm coronal sections and stained with 2% solution of 2,3,5-triphenyltetrazolium chloride (TTC) at 37°C for 30 min. After staining, the coronal section was fixed in 4% paraformaldehyde for 24 h. The stained sections were photographed using a digital camera with high-resolution, and the infarct area was measured using a computerized image analysis system. The percentage of infarct volume was measured by calculating the percentage of infarct volume in the ipsilateral hemispheric volume (total infarct volume/ipsilateral hemispheric volume × 100%).
TUNEL staining
TUNEL assay was performed to measure the number of apoptotic cells. Rats were anesthetized 24 h after reperfusion and perfused with freshly prepared 4% paraformaldehyde. The brain was removed and fixed in 10% formaldehyde for one week. Then, the brain was cut into 5-mm-thick coronal sections and placed on adhesive glass. TUNEL staining was carried out by using a TUNEL detection kit according to the kit instructions. The cells displaying brown staining within the nucleus were considered as apoptotic cells. An examiner kept unaware of the group assignment counted the number of apoptotic cells throughout 5 lesion regions randomly in the peri-infarct cortex under an inverted microscope (Olympus CX31; Olympus, Tokyo).
Western blot analysis
Western blotting was performed as described previously (20) . Briefly, rats from each group (n = 4) were anesthetized and sacrificed 24 h after reperfusion. The brains were removed quickly at 4°C, and ischemic brain tissues were isolated and homogenized in lysis buffer (50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1% NP 40, 0.5% sodium deoxycholate, 0.1% SDS with 10 mg/ml leupeptin, 10 mg/ml aprotinin, 1 mM benzamidine, 1 mM AEBSF, 50 mM sodium fluoride, 1 mM sodium orthovanadate). After centrifugation (2000 × g, 5 min, 4°C), the protein concentrations of the supernatants were determined using a BCA protein assay reagent kit (Beyotime, Haimen, China). Protein was separated by SDS/PAGE and transferred to a nitrocellulose membrane. The membranes were blocked with 5% non-fat milk and incubated overnight at 4°C with the following primary antibodies: anti-Akt (1:1000), anti-GSK-3b (1:1000), anti-Bax (1:200), and anti-Bcl-2 (1:200). After washing, the membranes were incubated for 1 h at room temperature with the proper secondary antibodies, and then washed 3 times with TBS-T solution. Immunoblots were developed using an enhanced chemiluminescent (ECL) detection kit (Pierce, Rockford IL, USA). Relative band densities were measured with ID Image Analysis Software (GE Amersham, Piscataway, NJ, USA).
Statistical analyses
All data were analyzed using SPSS 13.0, and the values are expressed as the mean ± standard deviation (S.D.). The data were analyzed using one-way analysis of variance (ANOVA). The neurological defect scores were analyzed using the Kruskall-Wallis H-test. P < 0.05 was considered statistically significant.
Results
Neurological deficit scores and ischemic infarct volumes
Neurological deficit scores were assessed 24 h after the MCAO in the sham, I/R, 4-MCPC-treated groups, and 4-MCPC (8 mg•kg −1 ) plus wortmannin group (Fig. 1A ). There were no significant neurological deficits in the sham group. However, severe deficits were observed in the I/R group, indicating that the I/R injury model was successfully established. The scores of the groups treated with 4 mg•kg −1 and 8 mg•kg −1 4-MCPC were 1.88 ± 0.57 (P < 0.01) and 1.29 ± 0.45 (P < 0.01), respectively, which are both significantly lower than that of the I/R group (2.67 ± 0.49). As shown in Fig. 1 and 8 mg•kg −1 4-MCPC groups (P < 0.05). In addition, there was significant differences in the neurological deficit scores and ischemic infarct volumes between the 8 mg•kg −1 4-MCPC group and 4-MCPC plus wortmannin group (P < 0.01), and there was no significant differences between the I/R group and 4-MCPC plus wortmannin group (P > 0.05), indicating that Wortmannin blocked the effects of 4-MCPC.
Effects on TUNEL staining
As shown in Fig. 2 , the number of apoptotic cells in the penumbral cortex in rats of the I/R group was increased significantly compared with the sham group (P < 0.01). After treatment with 4-MCPC (4 mg•kg 
Effects on Bax and Bcl-2 expression
To explore the mechanisms by which 4-MCPC elicits its anti-apoptotic effects, the expression levels of Bax and Bcl-2 were examined by western blotting (Fig. 3) . Compared with the sham group, the I/R group displayed higher constitutive expression of Bax and lower expression of Bcl-2 (P < 0.01). Importantly, the Bcl-2/Bax ratio was decreased in the I/R group (P < 0.01) (Fig. 3E) . Compared with the I/R group, the 4-MCPC (4 or 8 mg•kg −1 , p.o.)-treatment groups displayed markedly increased Bcl-2 (P < 0.01) (Fig. 3: A and B) and decreased Bax levels (P < 0.01) (Fig. 3: C and D) . Correspondingly, the ratio of Bcl-2/Bax was drastically increased in the 4-MCPC-treated rats (P < 0.01) (Fig. 3E) . Administration of wortmannin partly abolished the ) group (P < 0.01).
Effects on Akt and GSK-3b phosphorylation
To explore the potential intracellular signaling mechanisms involved in the neuroprotective effects of 4-MCPC, we examined the PI3K/Akt pathway 24 h after reperfusion by monitoring the levels of phosphorylated Akt (p-Akt), total Akt (t-Akt), and p-GSK-3b. Compared with the sham group, I/R injury decreased p-Akt and p-GSK-3b levels (P < 0.01), while t-Akt levels did not change (P > 0.05). 4-MCPC (4 or 8 mg•kg −1 , p.o.) treatment significantly increased p-Akt and p-GSK-3b level (P < 0.01) (Fig. 4) compared to the I/R group. There were significant differences in the levels of p-Akt and p-GSK-3b between the 4 and 8 mg•kg −1 4-MCPC treatment groups (P < 0.05 or P < 0.01). 4-MCPC (8 mg•kg −1 ) treatment did not increase p-Akt and p-GSK-3b levels compared to the I/R group after wortmannin pretreatment (P > 0.05). Furthermore, there was significant difference in the levels of p-Akt and p-GSK-3b between the 8 mg•kg −1 4-MCPC group and 4-MCPC plus wortmannin group (P < 0.01).
Discussion
Ischemic stroke is a major cause of morbidity and mortality worldwide; however, effective therapeutic strategies to treat ischemic brain injury are still very limited. Neuroprotection is considered a promising strategy for ischemic stroke treatment. As a result, searching for neuroprotective agents has attracted increasing attention. In this study, we explored the neuroprotective effects and the underlying mechanisms of action of 4-MCPC on local cerebral I/R injury in rats by MCAO to investigate its potential utility as a treatment for ischemic stroke.
In the present study, we are the first to demonstrate that 4-MCPC (4 or 8 mg•kg −1 , p.o.) has neuroprotective effects on local cerebral I/R Injury in a rat model, as it improved neurological deficits and reduced infarct volume (Fig. 1) . Our data also demonstrated that 4-MCPC inhibits apoptosis by regulating the expression of Bcl-2 and Bax and increasing the ratio of Bcl-2/Bax 24 h after the MCAO (Fig. 3) . In addition, our data reveal that the PI3K/Akt pathway is involved in the neuroprotective mechanisms of 4-MCPC on cerebral I/R injury (Fig. 4) .
MCAO is a classical model of cerebral ischemia (19) . Twenty-four hours after MCAO, extensive focal cerebral tissue infarction and serious neurological deficits were observed (21), as determined by neurological deficit scores (22) and infarct volume. Therefore, we adopted the most commonly used neurological tests to evaluate brain tissue damage and dysneuria following focal cerebral I/R in rats. In this study, the I/R injury model was established successfully by inducing cerebral ischemia for 2 h, followed by reperfusion after 24 h. This model significantly increased neurological deficits and total infarct volume compared with the sham group. We also found that administration of 4-MCPC (4 or 8 mg•kg −1 , p.o.) remarkably decreased neurological deficit scores and total infarct volume compared to the model group, suggesting that 4-MCPC provides dramatic neuroprotection in cerebral I/R injury.
It has been reported that transient cerebral ischemia can induce the expression of apoptotic-regulatory genes, including Bax, Bcl-2, Bcl-xl, and Bcl-w in the cortex and hippocampus (23) . Among these genes, Bax and Bcl-2 are the most vital genes regulating cellular apoptosis. Bcl-2 is an anti-apoptotic protein that affects the mitochondrial outer membrane. Bcl-2 prevents cytochrome C from releasing into the cytoplasm, which is a vital step in the apoptotic process (24, 25) . Targeted disruption of the Bcl-2 gene in mice exacerbates focal cerebral ischemic injury (26) . In contrast, Bax is a proapoptotic protein that has significant sequence homology with Bcl-2, and activated Bax accelerates programmed cell death (27) . It was previously reported that Bax levels increased in both the hippocampus and striatum at 24 h after cerebral ischemia (28) . Bcl-2 and Bax regulate apoptosis by forming homodimers and heterodimers. Excessive expression of Bax leads to the formation of homodimers and the induction of apoptosis. In contrast, excessive expression of Bcl-2 leads to the formation of heterodimers that inhibit the apoptosis induced by Bax homodimers (29) . Thus, the ratio of Bcl-2/Bax regulates apoptotic cell death in response to I/R injury. Our results proved that cerebral I/R injury decreased Bcl-2 levels, increased Bax levels, and consequently decreased the Bcl-2/Bax ratio in the penumbra cortex, which was consistent with the previous reports (20, 30) . We also studied the participation of Bax and Bcl-2 in the neuroprotective effects of 4-MCPC in I/R injury. Compared with the I/R group, treatment with 4-MCPC remarkably increased the Bcl-2/Bax ratio by increasing Bcl-2 levels and decreasing Bax levels. This phenomenon might be because 4-MCPC administration up-regulated the expression of the Bcl-2 gene and down-regulated the expression of the Bax gene. Thus, our findings suggested that 4-MCPC inhibits cranial nerve cell apoptosis after I/R.
Our findings demonstrated that 4-MCPC has a neuroprotective effect; however, the signaling pathways associated with 4-MCPC treatment remain unknown. Therefore, we further examined the role of the PI3K pathway in the neuroprotective effect of 4-MCPC in I/R injury. It was well known that the PI3K/Akt pathway plays an important role in cerebral cell apoptosis after I/R (9, 31, 32) . Previous studies indicated that the PI3K/ Akt signal pathway is inhibited during cell apoptosis by up-regulating the expression of Bcl-2 (33). Akt activation promotes cell survival by phosphorylating its several downstream target proteins, such as Bcl-2 family members, glycogen synthase kinase-3 beta (GSK-3b), procaspase-9, and forehead transcription factor (FKHR) (34, 35) . GSK-3b is a downstream target of the PI3K pathway, and it is over expressed after transient brain ischemia and exacerbates ischemic neuronal death. Phosphorylation of Akt (p-Akt) can inactivate GSK-3b by phosphorylation, alleviating the cerebral cell apoptosis. Another report showed that Bax is a direct downstream target of GSK-3b, and GSK-3b exacerbates ischemic neuronal cell apoptosis by regulating the mitochondrial localization of Bax (36) . Therefore we tested the effects of GSK-3b following 4-MCPC administration. Our study further tested if cerebral I/R injury significantly decreased p-Akt and p-GSK-3b, which would be consistent with previous reports (37, 38 ) remarkably increased p-Akt and GSK-3b levels compared with the model group, indicating that the PI3K/Akt signal pathway may be involved in the neuroprotective effect of 4-MCPC in cerebral I/R injury.
Wortmannin is a specific PI3K inhibitor, which was widely used to study the PI3K/Akt signal pathway (39, 40) . We also used wortmannin in our study to further examine whether 4-MCPC produces neuroprotective effects by activating the PI3K/Akt signal pathway. Our studies showed that treatment with 4-MCPC plus wortmannin significantly increased the neurological deficit scores, ischemic infarct volumes, and the number of apoptotic cells compared with 4-MCPC alone (Figs. 1  and 2 ). Western blot assay indicated that administration of 4-MCPC plus wortmannin remarkably increased the level of Bax and decreased the level of Bcl-2 and the ratio of Bcl-2/Bax compared with 4-MCPC alone (Fig. 3) . In addition, both p-Akt and p-GSK-3b in ischemic penumbra was lowered in 4-MCPC plus wortmannin group compared with the 4-MCPC (8 mg•kg −1 ) group (Fig. 4) . Collectively, our results further suggested that the neuroprotective effect of 4-MCPC was mediated by the PI3K/Akt signal pathway. Figure 5 shows the PI3K/Akt signal pathway related to our study.
Previous research has proved that the neuroprotective effect of muscone on cerebral I/R injury in rats was obtained by inhibiting oxidative stress, calcium overload, and cell apoptosis. The mechanism may be related with reducing EEACl mRNA expression, decreasing activation of NMDA (N-methyl-d-aspartate) receptor, Ca 2+ -CaMKII (calmodulin-dependent kinase II) and CaMKII-dependent ASK-1/JNK/p38 (apoptosissignalregulating kinase I / c-Jun NH2-terminal kinase / mitogen-activated protein kinase) signaling pathway, and regulation of the Bcl-2 family (41, 42). 4-MCPC, the isomeride of muscone, has similar neuroprotective effect on cerebral I/R injury. However the neuroprotective activity of 4-MCPC was exhibited via activating the PI3K/Akt signal pathway. It is generally known that inflammation plays a crucial role in cerebral I/R injury, and our previous study testified that 4-MCPC has potent anti-inflammatory activity via decreasing the levels of IL-1b, TNF-a, PGE2, and MPO (17) . So we speculate that the neuroprotective effects of 4-MCPC may also be related with the anti-inflammatory effects. This is another study that we will investigate in the future.
Conclusions
In conclusion, our study proved for the first time that 4-MCPC protects against cerebral I/R injury by targeting the apoptosis-related proteins Bax and Bcl-2. The neuroprotective effects of 4-MCPC may be partly related with the activation of the PI3K/Akt signal pathway.
